There exist potential health risks due to the presence of some elements in groundwater. This study presents measurements of gross alpha and beta activity and chemical concentrations (fluorides and nitrates) in 25 water wells in Aldama municipality, Chihuahua, Mexico. Total alpha and beta emitter analyses were performed at the Academic Unit of Nuclear Studies at the Autonomous University of Zacatecas. Radioactive elements were concentrated by total evaporation. All samples were measured with a Wallac-Oy 1411 liquid scintillate with a pulse separation option (Pulse Shape Analysis) for 6 h. Fluorine and nitrate analyses were performed at the Faculty of Engineering of the Autonomous University of Chihuahua by flow injection-hydride generation collection-atomic absorption spectrometry. Exposure levels were calculated for each well and found to exceed maximum limits allowed under Mexican law in terms of 1) gross alpha and beta activity; and 2) fluoride and nitrate concentrations. Gross alpha activity in two wells exceeded the reference value of 0.56 Bq·L 
. Fluorides and nitrates were found in 40% and 48% of water wells, respectively. Fluoride values were higher than 1.5 mg·L −1 , and the exposure doses for adults and children exceeded the reference value of 0.06 mg·kg
. Children are the most vulnerable, since their intake doses are near or above of 0.12 mg·kg −1 ·d −1 of the minimum level of risk for the development of skeletal fluorosis or bone fractures. On the other hand, while nitrate concentrations in water wells exceeded the drinking water limit of 10 mg·L −1 , this does not represent a serious health risk, since the calculated exposure doses for adults and children are below the chronic reference level of 1.6 mg·kg
Introduction
Aldama City is located in the Mexican state of Chihuahua and is part of the Municipality of Aldama. It is about 30 km from the most important uranium deposit in Mexico, Peña Blanca, which accounts for 60% of Mexican uranium reserves (Figure 1) . A complete geological description is provided by Dobson et al. [1] .
There are potential health risks due to exposure to uranium (U) and radium (Ra) which are the most important alpha emitters especially in groundwater [2] . Once ingested, U is preferentially deposited in kidneys and soft organs, while Ra, with chemical properties similar to those of calcium, can be deposited in bones. Both elements are considered carcinogenic, depending on the exposure levels [3] . UNSCEAR [4] established values of doses for a given person over a period of 50 years (70 years for children) for radioactive material. For children * There exist potential health risks due to the presence of some elements in groundwater. This study presents measurements of gross alpha and beta activity and chemical concentrations (fluorides and nitrates) in water wells in Aldama municipality, Chihuahua, Mexico. # Corresponding author. Fluorine, which is commonly referred to as its ionic form fluoride, has a chemical affinity to hydroxyapatite in bones and can thus accumulate in the skeleton, causing injuries similar to osteoporosis (skeletal fluorosis). Fluorine can also react with the enamel in teeth, leading to dental fluorosis, characterized by damage ranging from mild effects, such as spotting on the teeth, up to their total loss [6] . The calculations of fluorine exposure levels consider both children and adults with average body masses of 20 and 70 kg, respectively. The calculations assume a daily intake of 1 liter (children) to 2 liters (adults) of water per day. The comparison reference value for fluorine is the minimum risk level calculated by the ATSDR [7] , which is 0.05 mg·kg
·d −1 for chronic oral exposure [8] .
Interest in nitrates in water arises from the fact that they can convert blood hemoglobin to methahemoglobin, which reduces blood oxygen content, affecting cell functions and causing a disease called methahemoglobinemia [9] . Changes to the Mexican legislation established a maximum permissible level of nitrogen (as nitrates: N- 3 
NO
 ) of 10 mg·L −1 [10] , similar to the level established by the USEPA [11] and recommended by the WHO [12] . The reference level to prolonged exposure to nitrates is 6 mg·kg −1 ·d −1 [13] . The main objective of this study was to determine gross alpha and gross beta activities as well as fluorine and nitrate concentrations in Aldama municipality well water and to calculate the exposure level of those parameters. The results presented in this paper will offer an overall assessment of the degree of radioactive and chemical elements in groundwater in northern Mexico and may be seen as an assessment of this area, which could be utilized for authorities at the federal, state and municipal levels of government in Mexico for establishing preventive actions.
Materials and Methods
Groundwater samples were collected in duplicate from 25 wells in and around the municipality of Aldama City, in the state of Chihuahua, Mexico (Figure 2 ). Therefore, a total of 50 water samples were collected in 1-liter polyethylene bottles. Twenty-five samples (n = 25) were preserved following the standard methods to measure radioactivity levels [8] . The other 25 samples were preserved according to the protocol used to measure fluoride and nitrate by atomic absorption [14] .
Gross alpha and gross beta emitter analyses were performed at the Academic Unit of Nuclear Studies at the Autonomous University of Zacatecas in Mexico. The protocol obtains a measurement of alpha activity from natural emitters. The radioactive elements were concentrated by total evaporation. The solid residue was dissolved with 8 ml of di-ionized water, and mixed with 12 ml of OpthiPhaseHiSafe 3 Wallac scintillation liquid and stored in a polyethylene vial. Gross alpha and gross beta activities for all samples were measured with a WallacOy 1411 liquid scintillate with a pulse separation option (Pulse Shape Analysis) for 6 h. Alpha and beta radiation were classified by a counter using a discrimination optimum pulse parameter [15] . Fluoride and nitrate analyses were performed at the Faculty of Engineering of the Autonomous University of Chihuahua by flow injection-hydride generation collection-atomic absorption spectrometry, using a Perkin Elmer 3100.
Radioactive and chemical dose calculations of groundwater samples above maximums, according to Mexican legislation, was performed taking into account the concentration of the element of interest, as well as standard values of body mass and water consumption for both adults and children [6] . Table 1 shows standard body mass and water consumption values for children and adults that were utilized in the equations. The equations used to estimate risk exposure to chemical and radioactive elements are presented below. The following equation was used to obtain the annual effective doses [4] (UNSCEAR, 2000):
Where: H E is the effective annual dose (mSv), C U−t is the radioactive concentration in water (Bq·L ). Moreover, the next equation was used to measure fluorine and nitrate exposure dose risks [16] :
Where: Dose is the exposure dose by water consumption (mg·kg
), TI the water consumption rate (L·d ), EF the exposure factor value (a dimensional) and PC, body mass (kg).
Results and Discussion
Results obtained in this study are presented in Table 2 . In addition, Table 3 gives nitrate and fluorine exposure doses received by users of water from sampled wells in Aldama municipality.
Despite the proximity to uranium ores, only two wells Open Access JEP (P-170 and P-2) of the 25 showed high alpha activity ( . The value used in the effective dose calculations was the U concentration of 0.72 Bq·L −1 , previously reported by Villalba et al. [2] for Aldama City. The effective adult dose is 0.023 mSv and 0.01 mSv for children. These values are below the annual reference dose of 0.1 mSv, for drinking water [17] . However, this effective dose only reflects alpha emission from uranium, leaving aside effective doses from all other radioactive elements (Th-230, Ra-226, Pb-210, Po-210) in the U-238 radioactive decay series. Obviously once these are considered; the effective dose will be higher. The connection between well water radioactivity and health risk, especially for cancer has been studied overseas [18, 19] . For instance, one study carried out in Finland concluded that radionuclide ingested through well water was not associated with a substantially increased bladder or kidney cancer rate [20] . Concentrations of fluorine range from 0.04 mg·L −1 to 4.8 mg·L −1 ( Table 2 ). In 10 out of 25 wells (40%), concentrations exceeded the acceptable level limit of 1.5 mg·L [10] , which makes the water unhealthy for human consumption. It is possible the population drinking water from these wells may develop dental fluorosis. Dental fluorosis is an endemic disease in Mexico affecting approximately 5 million people [21] . Nevertheless, children are the most affected, because the dose values from consuming water is close to or above the 0.12 mg·kg −1 ·d −1 maximum risk level linked to the development of skeletal fluorosis or bone fractures for children [22] . This scenario gets worse when we take into account the serious nutritional deficiencies that many children in the region are subject to [21] .
Nitrate concentrations range from 0. [24] . However, we could not find any record of health issues related to water consumption of concentrations close to the 29.8 mg·L −1 found in well SN-10. Due to all of the above reasons, nitrate concentrations in groundwater do not appear to pose any significant health risk to the population of Aldama City.
Conclusion
Alpha emitters present in 2 out of 25 wells (8%) in Aldama municipality exceeded the maximum level of 0.56 Bq·L ). Fluorine levels exceeding the 1.5 mg·L −1 maximum value were found in 10 of the 25 wells (40%). Dose values received by adults and children exceeded the recommended ATSDR values. Nitrate concentrations above the limit of 10 mg·L −1 established by Mexican law were found in 12 out of 25 wells (48%). Nevertheless, calculated exposure doses were below the USEPA chronic reference level of 1.6 mg·kg . Nitrate concentrations do not appear to pose health risks to either adults or children.
